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pyridine  adsorption.  The  surk!ce  hydroxyl  groups,  working  as 
OH  ,  react  with  coordinated  CO2  to  form  carb'trrfate  species 
when  the  oxidized  surfaces  are  exposed  to  CO^.  The  resulting 
bicarbonate  species  decompose  to  form  water  molecules  which, 
upon  evacuation,  dissociate  to  some  extent  so  that  OH  groups 
are  partially  recovered.  On  oxidized  anatase,  room  temperature 
CO  exposure  gave  rise  to  some  surface  reduction  and  two 
different  kinds  of  adsorbed  CO  were  detected. 


I 


The  adsorption  of  water,  pyridine,  carbon  dioxide  and  carton  monoxide 
were  studied  by  infrared  absorption  spectroscopy  on  reduced  a:d  oxidized 

anatose.  There  are  two  kinds  of  isolated  OH  groups,  as  well  os  two  o: 

adsorbed  water  molecules,  for  tne  anatase  powders  used  in  this  7:.ae 

species  are  assigned  to  adsorption  on  different  crystal  faces.  The  wat-.r 
and  hydroxyl  species  are  more  stable  on  oxidized, as  corparfd  to  rt-i  . 

anatase.  Some  sites  where  Oil  groups  are  reaoily  formed  a;-,  tr .  j:  *.o  ....  .v 
different  coordination  as  compared  to  sites  where  water  .s  '*».d.  ?•  e 

coordination  number  of  the  Ti  ions  is  4  for  water  adsorption  ana  4  cr  ^  :.r 
Cii.  No  surface  Sroisted  acidity  is  detected  by  pyriu..*;  ad&irpti  n.  ?■.-* 
surface  hydroxyl  groups,  working  as  Oh",  react  with  coord. rated  Ti,  tt  :c:- 
carbonate  species  when  the  oxidized  surfaces  are  expos*..!  to  X..  ?:.* 
resulting  bicarbonate  species  decompose  to  form  water  mol.-c^.es  c  .c  ,  ...  . 
evacuation,  dissociate  to  sore  extent  so  that  "Here.  •>  .r« 

recovered.  On  ox.dized  anatase,  room  temperature  CC  oxposuto  gave  r.s«  to 
son*  surface  reduction  and  two  different  kinds  of  adsorbed  CO  were  . 


;.-j:as.ter:zut.c.'  ef  Species  Adsorbed  on  Oxidized  and  Seduced  Anatase1' 
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1.  rSTRC-XCTION 

It  is  well  Known  tnat  titanum  dioxide  is  a  good  material  for 
phc  to*atalytic  sy.iters,  for  example,  photoassisted  oxidation  and  reduction 

Ul  _ ,  _ _ _  _ (2) 


rea:t  or.j  oxygen 

;3) 


isotope  exchange  reactions  #  and  water 
[ecor.position.'""  One  interesting  aspect  of  the  water  decomposition 
reaction  is  the  question  of  how  the  surface  OH  groups  function.  If  indeed 
tr.M/  are  crucial,  in  the  mechanism.  In  this  context  comparisons  between 
7-0,  r.r.i  Zr.O  are  ccmon  since  H202  can  be  detected  in  the  zinc  oxide  system 


“r.or*  a'e  a  large  r.jtber  of  studies  of  the  surface  of  titania  samples 
with  and  w.thout  adsorbates,  many  of  which  have  used  infrared 
,.vi.  5  Mum  of  the  inpnasis  in  this  war*  has  been  directed 

jr:  ar,  asse^-ert  of  the  acid-rase  character  of  surface  hydroxyl  species 
xj:  of  z-ii-  .»xpt-r:r.ents  have  ir.vol.'ed  rutile. 

As  part  of  a  continuing  study  of  photoassisted  reactions  using 
..  ”  ir.  vui.c-s  oxidize-.,  ar,u  reduced  forms,  we  undertoox  the  infrared 

-z. rsportiM  r.ere  as  or.  important  port  of  the  characterization  of  these 
e  s/st«.ms.  In  particular  we  w*»re  interested  in  the  Kinds  of  water 
irr.  r.jr-x/i  species  that  were  present  on  reduced  and  oxidized  anatase  after 
to  -oter.  In  addition,  trie  acid-base  character  of  the  same 
->‘.er.a‘.s  was  monitored  using  C02  and  pyridine  adsorption. 


2.  EXPWI/1E.VTAL 

A  cocmercial  anatase  sample  (mtbj  was  used  throughout.  The  ._a in 
impurities  were  As(0.0002%l,  Fe(0. 0104),  Pb(0.GC>r%)  and  Zr,i0.0K)%) .  An 

X-ray  powder  diffraction  pattern  of  tnis  powder  showed  no  detecL.de  rutile. 
Oxygen  and  CO  were  dried  and  purified  by  passage  through  a  5>A  noir<ular 
sieve  trap  at  77K.  To  remove  02»  hydrogen  was  passed  through  a  reduced  9% 
Pt/AljOj  catalyst  at  200°C  and  then  a  5A  molecular  seive  trap  at 
Carbon  dioxide  was  degassed  and,  to  remove  water,  was  distilled  free  ms 
trap  at  19SK  to  another  at  77*.  Pyridine  was  degassed  ana  usee  wicno-t 
further  purification. 

Th®  IR  cell  was  a  standard  design  which  permitted  evacuation  and 
heating  of  the  sample.*15*  Calcic.  fluoride  windows  were  used.  The  sa-pie 
was  lifted  into  the  furnace  area  using  a  magnet.  A  quartz  cell  was  used  wr.en 
the  experiment  involved  heating  at  800°C. 

Spectra  were  taxen  using  a  Nicolei  7199  Fo-rier  7rar._ti.-rn 
spectrometer  and  were  recorded  in  absortance  form  with  a  reso'-uMon  of  2 
cm'1.  Unless  otherwise  stated,  SOC  scans  were  used  for  an  ir.d.  vidua' 
spectrun.  Such  spectra  could  be  taKen  in  a  few  minutes  and  gave  good  S/h. 
All  spectra  reported  here  have  been  corrected  by  sjotraction  for  absorption 
of  the  gas  phase  and  the  CaF2  windows. 

Anatase  powder,  100  mg,  was  spread  uniformly  on  paraffin  paper  ;to 
prevent  metal  contamination! ,  placed  in  a  1"  diameter  die  pellet  pret-s,  and 
pressed  at  9000  pounds  in  An  IR  spectrum  of  th.s  disc  with-c^t  f.rth.-r 
treatment  snowed  huge  paraffin  signals  at  3200-3400  and  2900  erf1  as  well  as 
carbonate  signals  at  1982  and  1484  cm  1 .  There  were  neither  hydroxyl  nor 
water  peaxs.  The  paraffin  was  not  removed  by  neating  in  vacuum  at  -;00oC  arxi 
no  adsorbed  species,  detectable  by  IR,  developed  on  exposure  to  the 
molecules  used  in  this  study.  Both  tbs  paraffin  and  carbonate  r  nals  were 


I 
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aoser.t  Alter  the  sorple  was  evacuated,  gradually  heated  to  400  °C  in  1  ata 
0^,  neid  at  this  condition  for  12  nr  and  evacuated  at  400  °C  for  30  nin.  At 
this  s z*jv  j  C!i  strut cnirg  bonds  between  3600  and  3700  cnf*(see  below)  and  a 
TiO  lattice  vibration  around  10C0  erf*  were  observed.  The  above  treatment 
procedure  mas  adopted  as  a  standard  rtthod  of  preparing  starting  materials. 
On  tne  basis  of  tne  far-IR  specttan,  no  ana  case- to- rutile  transformation 
cools  rjn  selected  as  tne  result  of  this  pretreatment.^* 

T.-.e  following  paragraphs  describe  experiments  for  which  the  oxidation, 
rec-Ction  and  evacuation  tempt  aturcs  were  varied.  These  three  temperatures 
are  written  Lr.  sequence.  For  exarple,  400-ND-40Q  means  the  sample  was 
ox.i.tcC  at  4C3  °C,  not  reduced  and  then  evacuated  at  400  °C. 


3.  RESULTS 

3.1  Behaviour  of  hydroxyl  groups. 

After  the  initially  formed  pellet  was  heated  in  02  at  400  °C  and  cooled 
to  room  temperature,  relatively  sharp  bands  were  observed  at  369S  and  Zk'.Z 
on"1  (Fig.  la)  along  with  an  absorption  at  *635  csf*.  These  are  attr ;c~ted 
to  adsorbed  water.  Evacuation  at  400  °C  led  to  the  loss  of  these  water 
modes  and  the  appearance  of  three  sharp  bands  at  3740,  3715  and  30 "fc  cr.  1 
(Fig.  lb)  assigned  to  surface  hydroxyl  species.  All  three  cf  these  bands 
underwent  D-for-H  exchange  when  the  sample  was  exposed  to  Z.O  at  :  urn 
tempera .  ire  and  the  frequency  ratio  was  1.^6,  in  exce.lt.nt 

agreement  with  the  value  of  1.355  reported  by  Primet  et.  al.*c*  for  CH  and 
0D  on  both  anatase  and  rutile. 

For  our  samples  the  OH  groups  were  very  stable.  As  shown  in  Fig.  1c 
and  Id,  after  oxidation  and  evacuation  (30  min)  at  6C0  and  833  °C,  the  yi 
bands  remained  but  with  decreased  intensity.  After  t> 
oxidation/evacuation  treatments  the  sample  was  a  brig.nt  white  ci.tr 
indicating  that  the  bulk  was  fully  oxidized. 

The  hydroxyl  groups  were  sensitive  to  H2  exposures.  Comparing  Fig  lb 
and  le  shows  that  reduction  with  1  atm  of  at  400  °C  reduces  tr.e  intensity 
of  the  OH  bands  and  changes  the  sign  of  the  slope  of  the  background.  Tne 
latter  is  attributed  to  changes  in  the  surface  of  the  titania  wruc.i  occur  as 
the  sample  becomes  slightly  reduc.d  and  takes  on  a  blue-gray  col  nr. 
Spectrtxn  le  also  has  shoulders  on  both  sides  of  the  3676  cm  1  peai, 
indicating  the  presence  of  adsorbed  water  (3695  and  3660  cm-1). 

The  results  of  exposure  to  water  vapor  are  shown  In  Fig.  2  for  both 
400-40-400  and  80Q-NO-800  samples.  In  an  ambient  of  1  tore,  both  samples 
show  the  same  peaks  at  3694,  3660,  3420  and  about  1640  erf  (compare  a  and 
d) .  The  bands  at  3420  and  1640  increase  with  pressure  at  least  up  to  2.6 
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tcrr  to  indicated  in  Fig.  2b.  upon  evacuation  at  room  temperature.  Fig.  2c, 
significant  changes  in  peak  positions  and  intensity  are  readily  noted. 
First,  tne  broad  peak  at  3420  erf*  alrtosc.  completely  disappears  indicating 
tr.e  tiT~tval  of  a  curdensed  water  layer.  Second,  there  is  a  significant 
redistribution  of  intensity  in  the  3600- 3700cm- 1  region  with  small  charges 
in  overall  aoacroar.ee.  Sands  appear  at  3740,  3715,  3694,  3676,  3660,  3615 
and  3474  erf*  for  tr<«  400-NG-4u0  s**ple.  Similar  bands  witn  lower  intensity 
were  observed  fer  the  8JJ-NG-30Q  sample  (compare  Figs.  2c  and  2e) .  In  the 
lower  frequency  region  evacuation  is  accompanied  by  loss  ot  intensity  and  a 
sr.ift  in  ftegitncv  from  164C  to  1621  cn-1  for  the  400-NO-400  sample  whereas 
tr.e  sarnie  snows  a  similar  shift  but  a  much  stiller  loss  of 

intensity. 

3.2  aater  idsorpt.or.  on  oxid.zec  and  reduced  surfaces. 

7 re  adsorption  of  water  at  rori  temperature  was  compared  on  oxidized 
a.-.i  rvi-acd  ierrs  of  TiG2  witr.  particular  attention  being  paid  to  the  amount 
cf  iisjrption  and  the  thermal  stability  of  the  adsorbed  species.  The  results 
i lit  laved  in  the  two  panels  of  Fig.  3  cover  both  tne  OH  stretching  and  H-O-H 
t r»i  rt-j; ons  ant  all  the  spectra  were  taxer.  at  room  temperature  after 
evacuation  for  30  r.in  at  tne  indi.-stvd  temperature. 

On  the  400-NO-400  oxidized  surface,  Fig.  3a  shows  the  same  seven  OH 
car  ..is  mi  me  sa.'c-  water  bendirg  tore  as  in  Fig.  2c.  The  reproducibility  of 
portion  «nd  intensity  indicated  in  these  two  figures  is  very 
au. .si/ir.g.  >01  -  »  bands  remain  with  the  sane  intensity  after  heating  at 

1C„°C,  F.g.  3(b).  Peaks  attributed  to  molecular  water  (1620,  3474,  3660 
ir.J  3694  -trf  *,  ire  removed  d-ring  seating  at  200°C  while  the  remaining  peaks 
/Midacrpticn  of  water  ard  evacuation,  both  at  room  temperature,  gives 
spectra  f  which  nicely  reproduce*  spectrum  e.  Thus,  although  the  heating 


carried  out  in  obtaining  .spectra  b-e  resulted  in  some  rixluttjon,  as 
indicated  by  the  changing  color  of  the  samples  from  white  towards  blue, 
this  was  not  extensive  enough  to  alter  the  water  adsorption  in  a  measurable 
way. 

Or  the  400-400-400  reduced  sample,  water  exposure  C'-d  evacuation  jt 
room  temperature  led  to  IR  spectra  (Fig.  3g)  that  had  the  sane  features  as 
spectra  obtained  on  the  oxidized  form.  Keating  removed  the  3694,  3660,  3C',, 
3474  and  1620  aa-i  just  as  for  the  oxidized  form.  However,  the  tner.ni‘ 
stability  was  significantly  less  on  the  reduced  form;  as  shown  in  F:g.  3r. 
these  peaks  were  aosent  after  heating  to  100°C  vaiile  heating  to  2uO°C  win 
required  on  tl*  oxidized  form.  In  addition,  the  reduced  :.^rr  n»*li  .«■ 
molecular  water  after  room  temperature  evacuation  as  iteu  c>  the 

intensity  of  the  1618  an'1  peak  (compare  3a  and  3g) .  The  species  remaining 
on  the  surface  after  evacuation  at  10&°C  were  quite  stable  arc  were  cni/ 
slowly  removed  by  heating  to  400°C  but,  as  compared  to  the  cxid.zec  surface, 
the  stability  appears  to  be  somewhat  less. 

3.3  Pyridine  adsorption. 

Pyridine  adsorption  was  carried  out  to  give  a  measure  .->1  the  acia.c 
properties  of  the  surface.  The  sample  had  previously  been  expos-.d  to  -ater 
vapor  (and  evacuated)  at  room  temperature.  Making  assignments  as  in  previous 
work*17'211  we  conclude  that  oxidized  anatase,  exposed  to  water  ard  showing 
hydroxyl  and  water  bending  modes  as  in  F  g.  3a,  shows  no  measurable  ©nested 
acidity.  This  is  in  full  accord  with  ot ier  work.*175 

Heating  at  200°C  removed  some  py.  idine  and  gave  a  measurable  s.,iu 
and  splitting  of  Che  strong  band  just  above  1600  as”1.  Only  tr.e  lower 
frequency  component  was  resolvable  after  nesting  to  30C°C.  These  results 
suggest  that  there  are  at  least  two  different  kinds  of  bawls  acid  sites  for 
pyridine  adsorption  on  the  hylroxyUtod  anatase. 


• I' 

Urbon  Jiouo<  A*l:»k' ration. 

Our  results  fcr  CO-  adsorption  on  oxidized  anatase  are  very  much  line 
these  reports  z>  ••*#: terra  et  al.*4®^  and  are  only  summarized  here.  At  room 
terperarure,  CC2  is  raP^ly  coordinated  at  Ti  sites  on  oxidized  anatase 
(430-*^433«  i".  Ft •<•  lb)  tc  give  a  band  at  235Ccm-*.  Surface  bicarbonate 

.s  :orrt-.;  tj.e  first  :cw  r.-jur-i  <*2r.r)  of  CO.  exposure  on  tho**e  surface 

Ti  :e**s  <::v3  »Tiich  both  CC-  and  On  are  coordinated.  There  is  a  slow 

react!:-.  ( -  iin.-y  ce tween  pairs  of  these  bicarbonate  species  to  form 
adsorbed  ci  :er.V»te  carbonate  and  water.  Room  temperature  evacuation  removes 
ini  t.uw.Cwtv  carbonate ,  residual  oicarbor.ate  and  coordinated  CO^  leaving 
Si.:  2  sc* '-orbed  water  and  reforming  some  adsorbed  OH-,  probably  by 
d.S3x;aticr.  of  water  as  the  concentration  of  other  species  drops. 
\e3:sor-tior.  o:  C3-  crss»rs  with  rapid  formation  of  b.  carbonate  and  bidentate 
ra:ao:.wte  w.-r,  very  little  intensity  in  the  band  associated  with  coordinated 
CC,.  x q  conclude  tnet  water  coordinated  to  Ti  ion  sites  inhibits  the 

:::n«ti^n  ctaoility  of  coordinated  CO.  but  promotes  t;«  rate  of 

ivat.cr  c;  r*.  .cnts.:<  carbonate  and  bicarbonate. 

Tr.;s  interpretation  is  confirmed  by  data  shown  in  Fig.  4  for  a 
4.  .-.V>4».3  sample  of  anatase  predosed  in  H^O,  curve  a,  or  02,  curve  b. 

'Kef  PreaJ^orptior.  consisted  of  exposing  the  sample  to  10  Torr  of  either 
>*/}**.  <-r  water  ter  5  .Tin  followed  by  30  min  evacuation  at  room  temperature. 
Sue uecuw.tl/,  23  Torr  of  CO^  was  introduced  and  difference  spectra  (with 
restwet  to  02  vti  H.D  predosed  surfaces)  were  taxen.  In  the  case  of  water 
or  .•  icsorpv.cn,  F.$.  bicarbonate  (1420  cm  j  anl  oidencate  carbonate  at 
.67i  u-.u  1245  r.  *  were  formed  rapidly  and  if.  roughly  equal  amounts 
; adjuring  tNfct  erne  absorption  cross  sections  at  1420  and  1671  cm"1  are  about 
tx.e  same).  Increased  intensity  was  also  observed  at  1636  an-*  along  with 
decreases  at  3673  and  3450  cn-*.  T*:ls  spectrum  Is  nearly  identical  to  that 
iojc£,  as  described  in  the  previous  paragraph,  after  evacuation  end  a  second 
CO j  exposure. 


On  the  oxygen  predose J  surface,  a  <0  min  exposure  to  CC^  ; ..ve  r lit  to 

bicarbonate  at  a  somewhat  higher  frequency  (1431  <=:."*)  than  cn  tne  bur fu.-e 

predosed  with  water  (1420  an-*),  Moreover,  the  biden*ate  carbonate  species 

was  formed  in  much  lower  concentrations  on  the  oxygen  pressed  surface  (luTl 

and  1245  cm  *).  These  results  show  that  preadsorbed  water  promotes  t-.e 

formation  of  bidentate  carbonate  and  inhibits  the  growth  of  coordinated  CC,. 

tWK  1 

Predosing  in  02  at/  gives  CO^  spectrua  comparable  to  what  is  formed  when 

COj  is  exposed  to  a  (400-N3-400)  surface. 

On  a  40Q-**00-400  reduced  anatase  sample  (not  shown) ,  expox^re  to  23 

Torr  of  Co2  for  times  up  to  1  hr  at  room  temperature#  gave  only  a  s-j’.l 

amount  of  coordinated  CO^  which  showed  no  tendency  to  convert  to  carbonate. 

We  conclude  that  the  reduced  sample  had  no  tendency  to  term  car senates 

any  kind  and  that  surface  basicity  is  reduced  by  h.gh  t«»-p^r  a 

reduction. 

3.5  Carbon  monoxide  adsorption. 

Adsorption  of  CO  or.  both  the  oxidized  and  reauced  forms  of  anatom*  is 
shown  in  Fig.  5.  For  each  of  the  curves  a  tacxqround  spectrxi  has  beer, 

subtracted  to  remove  a  strongly  sloping  baseline.  On  tr.e  4.7-hu-t:: 

oxidized  sample,  CO  exposure  (22  Torr)  gave  spectrin  (a)  after  13  r.;r. 
bands  at  2185  and  2115  cm-*  indicate  two  types  of  molecular ly  he.c  32. 
After  140  min,  the  2185  cm-*  pea*-  decreased  in  intensity  by  about  a  factor 
of  3  while  the  peak  at  2115  cm-*  remained  the  same  (Fig.  5b).  '.-.'hfen  tr.e 
pressure  was  decreased  to  10  Torr  and  then  to  1  Torr  (Figc.  5*  arc  -Jj.  ?*".* 
2185  cm-*  (*?ak  dropped  steadily  to  zero  while  the  2115  an-i  pea*  rerained 
constant.  Evacuation  at  room  temperature  removed  all  of  tte  adsorbed  Cl. 
These  CO  stretching  vibrations  were  accompanied  by  small  peaks  at  1420  cv-* 
and  near  1600  an  1  indicative  of  the  formation  of  surface  b. carbonate 


some  surface  reduction  took  place  when  the  oxidized  surface  was  exposed  to 


CD.  This  is  attributed  to  the  formation  of  an  .adsorbed  00^  species  which 
resets  to  form  the  bicarbonate. 

Ac  shewn  .n  rigs.  5fanc  Sj,  exposure  of  a  4C'-4G0-4QO  reduced  sample 
gave  ;r..y  the  2135  cm-1  pea*.  The  intensity  of  this  peak  was  not  a  function 
of  t;*e  but  it  did  decrease  with  decreasing  CO  pressure  and,  as  shown  in  5^, 
w*$  cr<  iletely  removed  by  evacuation  at  room  temperature  for  30  min.  No 
ca.'bc'  i'.e  type  species  were  obsetved  when  CO  was  exposed  to  the  reduced 
anatase. 


4.  DISCUSSION 

4.1  Assignment  of  hydroxyl  bands. 

The  hydroxyl  bonds  at  3715  and  3676  an"1  after  oxidation  and  evacuation 
at  400°C  are  assigned  to  isolated  hydroxyl  gtoups  attached  U  diffmnt 
crystal  faces  of  anatase  while  the  band  at  3740  erf*  is  ass.gnid  aj  v'  a 
Silica  Impurity.  Band  pairs  at  3694,  3495  and  3660,  3465  erf*  v......  ,-j 

to  water  molecules  adsorbed  on  different  crystal  faces.  In  toe  follo-ir.; 
paragraphs  we  describe  evidence  from  the  literature  and  our  own  expt-r; rents 
for  these  assignments. 

Different  adsorbed  hydroxyl  species  have  rei.-r.  cot.-.- nl .•  cbSv:*-.*-  f; 
anatase  and  rutile.  These  different  species  have  beer.  attributed  to 
variety  of  different  surface  structures.  For  example,  Prir.et  et  al.1’  : 
studied  the  hydroxyl  groups  or.  both  anatase  ar.1  rutile  sarplcs.  C.-. 
after  evacuation  at  200°C  they  found  absorption  pea*s  at  3655,  3633  c:..  ;ii: 
cm"1  while  on  anatase  peaks  were  located  at  3715  and  3665  erf1,  .’-.e  :.ijhe»* 
energy  peaks  are  ascribed  to  isolated  OH  groups  while  trie  other  pei-.s  »re 
assigned  to  hydrogen  bonded  species  located  in  adjacent  i-::  rolls. 
evidence,  they  cite  the  higher  thermal  stability  of  the  3C35  an.;  1'.5  erf" 
peaks  and  the  fact  that  any  OH  frequency  above  3700  erf1  is  t ;pic ill,  ta*.*-. 
to  be  an  isolated  species  on  almost  any  metal  oxide.  Rutile  r.as  two 
hydrogen  bonded  bands  because  there  are  two  0-0  distances,  2 .  v>  ar „  2.53  A. 
while  for  anatase  there  is  only  one  0-0  distance,  2.80  A.  They  also  fo^ni 
that  all  of  the  bands  listed  above  wire  exci^nged,  D-for-H,  upon  exposure  tr 
D20  and  the  frequency  ratio  {OH/ODj  was  constant  for  all  the  bands  and  equal 
to  1.355.  Exchange  was  also  observed  upon  exposure  to  D2  at  lbC°C. 

Many  researchers  have  asaunad  that  powdered  anatase  wx)  rutile  surfaces 


I 
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would  consist  mainly  of  the  (001 J  and  (110)  surface  crystal  planes, 
respectively. 10*13,16)  j<>r.es  and  Hockey^1  discuss  their  results  for 
r jtile  V/crr-xylar  :on  and  hydration  ir.  terms  of  three  crystalline  surfaces 
(100) »  (i-1)  arid  (110).  water  d.ssociation  is  not  probable  on  tne  (100)  and 
ilOl)  surfaces  because  the  resulting  neighboring  OH  groups  would  be  too 
close  togotr.er.  On  tre  (110)  surface,  the  resulting  CH  groups  could  be 
re&iily  accomodated.  They  conclude  that  molecular  water  is  bound  as  a 
l;c;-d  the  ('.Z'Ji  and  (101)  surfaces  anti  that  it  completes  the  octahedral 
coordination  shell  of  surface  T;  ions  in  different  ways  on  the  two  surfaces, 
jr.  the  ‘.ICO,  Surface,  hydrogen  bonding  is  significant  leading  to  a  broad  IR 
izr  .--ile-nlar  water  while  on  the  (101)  surface  hydrogen  bonding  is 
r.eit:e:  expected  nor  observed.  On  trve  (110)  surface  two  kind  of  surface  OH 
groups  are  furrei  utcn  dissociative  water  adsorption.  One  is  bound  to  a  Ti 
:jh  i u  -i-coc ruinate  with  respect  to  surface  oxide  ions  while  the  other 

:a  v.-i  to  a  Ti  ic:.  that  is  five  coordinate.  Dehydroxylation  upon  heating 
;s  ■  c St  .'jsily  accorplisheJ  using  the  CH  linked  to  the  4-coordinate  Ti  ions. 
Jir.iS  i.J  Hoc**/*1  point  out  that  the  same  kind  of  considerations  should 
:  .u.  -  .  u-  atuse  3-r.ci.  the  local  structures  of  the  two  polymorphs  are  nearly 


d.i ird  ?«.rfitt  *iJ  reported  two  CH  bands  on  rutile  at  3700  and 
j>":  =-"*  •■nith  they  attribute  to  bridged  and  more  labile  terminal  species, 
f  **..*■»  .re  taxen  to  be  isolated.  They  observed  another  OH  peak  at 
-r.ich  was  assigned  to  a  silica-derived  species.  CH  the  basis  of 
tc-'.us  observed  at  3690  and  3420  cm*1,  wnicn  were  described  as  the 
r./ur>?en  uc'Jed  counterparts  of  the  above  two  isolated  OH  species,  they 
that  the  (110)  plane  is  a  satisfactory  model  since  0-0  distances 
calculated  on  the  basis  of  the  hydrogen  bonding  shift  are  in  good  agreement 


i; 


with  those  expected  at  this  surface. 

It  has  been  suggested  that  dissociative  adsorption  of  water  leals  to 

(9  22) 

two  different  surface  hydroxyl  groups.  Th.s  is  uapuc  r  tvu  cy 

calculations  done  by  Jaycock  et  al.12^1  More  recently  Griffith  et  al.1'^' 
interpreted  their  observation  of  two  kinds  of  OH  and  H^O  on  rutile  i.;  tej.nu 
of  adsorption  on  two  different  surface  planes.  For  our  exper i-ver.tal 
conditions,  two  OH  groups  are  present  after  evacuation  at  iuo’c.  Tbe 
persistence  of  the  two  OH  frequencies  even  after  high  temperature  evacuation 
(Fig.  lc)  suggests  to  us  that  hydrogen  bonoeo  structures  are  un  ur.l . ■;*•!/ 
explanation.  This  contrasts  with  the  worx  of  Pr i.vet  et  wr.;  fi^.u 

bands  around  room  temperature  but  the  lower  freg.jer.cy  pea*,  3fcl‘>  a**, 
lost  during  evacuation  at  200°C.  Their  description  of  this  ca-,i  us  arising 
from  hydrogen  bonded  OH  species  does  not  fit  with  our  observation  a.nc  we 
interpret  our  results  as  indicative  of  isolated  CH  groups  eit:.«.:  or. 
different  crystal  planes  or  linked  to  Ti  ions  of  different  coordination. 

In  the  presence  of  uater  vapor,  Fig.  2  shows  there  are  tws  sr.arp  peixu, 
3694  and  3660  an"1,  and  one  broad  band,  3420  erf1,  in  the  CH  str'it.Y.mj 
region.  Upon  evacuation  at  room  temperature  there  :s  a  redistr. b-t;^n  of 

intensity  with  bands  observed  at  3694,  3676,  3615  and  3474-3495  cr.“‘  for 
both  the  400- NO-400  and  800-NO-8C0  samples.  In  addition,  the  40U-SC— 
sample  has  bands  at  3660  and  3715  cm"1.  The  peaks  at  3676  and  3^15  on"*  ,re 
attributed  to  OH  groups  at  the  surface  as  in  Fig.  1.  The  other  band.-,  are 
all  associated  with  adsorbed  water  molecules  either  directly  or  indirectly. 
It  is  quite  reasonable  to  suf^ose  that  a  physisorbed  layer  of  water 
condenses  ort  these  anatase  surfaces  and  functions  very  much  like  ;.qtaic 
water.  For  such  conditions,  the  two  bands  at  3694  and  3420  an"*  would  be 
assigned  to  the  asymmetric  end  symmetric  OH  stretching  vibrations  of  tre 
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Ad'ot  voput  has  peaks  at  375C  and  3GS7  an 
...4  3-.1  J  ev."*  and  solid  watar  at  32..0  and 


:■=  of  vapor  ani  tne  band  between  "470  and  3495  cn  *  found  after 
: . couli  involve  water  ir.  the  ca~«  Kino  of  substrate  environment, 
i  ;trr.er  c-so  hydrogen  bonding  i.  significant  while  in  the  latter  the 
s  ar«  isu.atwd.  In  general,  a  frequency  shift  of  50-70  cm  1  toward 
-.al  jc a  is  reasonable  when  hyar:/qen  bonds  are  formed. 

. j  a:  ;66D  erf'  s«.en  in  Fig.  2c  is  attributed  to  the  asymmetric 
•..*■:  .-civ  of  w-tvr  ccuicnsed  on  the  anatase  surface.  Suet,  a  species 
;<  j  c /\ur.;on  hand  around  3463  cm-*,  but  for  our  experiments  this 
era.  ui-wxi  by  the  broad  and  intense  band  at  3474  cm  i.  On  the 
--.rli:.;,  rx>  i‘.u J  cr.~A  bar.J  .s  ooserved.  The  pt-ax.5  at  3694  and 
*  j rj  unsigned  to  the  as/rmetr le  and  symmetric  scretcniog  .modes  of 
;n  ih.s  s-rface.  6/  comparison  of  Figs.  2c  and  2e,  we  conclude  that 
.'.us  of  au^orted  wat-jr  rolecu.es  are  present  after  room  temperature 
if  tre  4C j-NC-sCO  cample,  inise  two  species  are  characterized  by 
1 1;  i:>  at  3694,  3495  and  3Cou,  3465  cn-1.  This  is  consistent  with 
ue.,-.;  or.  1/  one  adsorbed  hydroxyl  band  at  3676  cm*1  on  the  800-N0-«00 
a.  •>?  .  <■:  .,re  two  »jcn  bonds,  3715  and  u676  cm-1,  on  t::e  40C-NO-4LO 

u  . -.r  interpretation,  t..en,  .s  that  thece  are  two  Kinds  of  water 

j.uu.’p: i-*v  on  these  ar.atar.e  surfaces  and  each  of  the  tws  sites  is 

a  u  sue  with  different  surface  OH  groups.  If  &rv  taxes  the  position  that 

14  _ptj.ra  of  acsorced  water  reflect  the  presence  of  distinct 
s-.rfa.--i  lii.ei,  tr.en  o-r  spectral  assignments  imply  the  presence  of  at  least 
two  different  crystal  plares  one  of  wfiich  is  preferentially  lost  as  the 
ox.aat.orKc-vucuaticn  temperature  increases. 


One  additional  band  remains  unassigned,  ;6’5  or.  *,  This  r.*/  r*.-  the 
asyrwtric  stretch  of  a  hydrogini  bonder!  species  rvr.inisCcr.t  of 
suggested  by  Primet  et  al.^' 

4.2  Comparison  of  water  adsorption  on  reduced  and  oxidized  samples. 

T!*e  results  of  Fig.  3  clearly  indicate  that:  (J)  The  thermal  st-.-.i.t,. 
of  adsorbed  water  is  greater  on  the  oxidized  surfaces.  (2)  Tne  arc.  .m  : 
water  held  on  the  oxidized  surfaces  after  room  temperature  evacuation  i  *. 
significantly  larger. 

With  respect  to  the  thermal  stability,  we  note  that  Jacoor.  tt  a..  " 
report  that  rutile  snows  retention  of  physically  adsorbed  w.ter  -p  to 
We  prefer  to  denote  such  stable  moiec-Iar  species  as  cr.c*r ;s ,:tvd  a.-,:*  tv 
activation  energy  for  water  desorption  from  rutile  is  25. t  Kcil, 

Recently,  Fis.ner  et  ai.k27*‘:3,  reports  that  K^o  dei-rpt..n  r:  11. 
occurs  at  about  30K  higher  temperature  when  atomic  oxygen  is  pre-a  scri-ec. 
Their  XPS  studies  suggested  that  preudsurbed  oxygen  results  ir,  u.sSiZic.ti  v- 
water  adsorption  to  give  two  OK  groups  fer  each  water  r,ciec-le 
Recombination  of  tnese  to  fom  water  occurs  at  a  '.e-rpurat .:e  :  .  ,*er  tz... 
desorpt  ion  of  molecular  water  from  PtUll).  -if  ferenc-is  .r  tv? 
concentration  and  structure  of  surface  oxygen  lor-;  fur  the  cx;i:z«-4  eve 
reduced  anatase  surfaces  may  also  account  for  t:.«  otsv-wed  tr.er* .1  st-wil.:.. 
differences.  On  the  oxidized  surface  the  concentration  of  ba^:;  o*,  i*--  i  -.s 
%*>uld  be  relatively  high  and  would  stabilize  cr.eriioroec  water  .ncier-l  *.i 
through  interactions  with  the  hyoroger.  ator\s.  G.  vt  i.  .ciices, 

adsorbed  water  would  tend  simply  to  fill  the  coo:  Jinat.un  sne.l  c: 
unsaturated  Tl  ions. 

Consideration  must  also  be  given  to  a  crystal  structure  transfornat.on 
from  anatase  to  rutile.  At  40Q°C  this  is  not  a  significant  contt lector;  we 
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5.  CONCLUSIONS 

From  the  results  presented  in  this  paper  va;  draw-  tr.a  full;...:.., 

conclusions; 

1.  Two  Kinds  of  chemisorbed  OH  and  two  Kinds  ot  ci-eci.^tte-!  n.^-j  .u* 

found  on  anatase.  Tne  OH  species  at  3676  cm  1  is  assigned  to  tr.c  .clc.tu 

while  that  species  at  3715  cm  *  is  assigned  to  the  ;r 

planes.  The  two  types  of  adsorbed  water  showed  paired  I»  ar>\  rv.io'-s  at 
(3694  ,  3495  ctf1)  and  (3£60,  3465  cm'1) .  These  pairs  are  ais.jr.i-:  o  tr.c 
(130)  and  (010)  plar.es  respectively. 

2.  Fbur-coorc.ir.ite  Ti^r  ions  at  tne  surface  ->£  ar.v .».se  a:.;  :;r  ;  ... 

the  sites  for  adsorption  of  both  OH  3nl  H^O  while  f  ivt-.  x>r::nate  .or.s  ire 
suggested  as  sites  for  OH  adsorption  only. 

3.  water  is  core  strongly  neld  on  ox:;. cel  :  par.;  -.t;.  r<- .  . . 

titania.  The  results  suggest  that  water  adsorption  is  en.-jneae  tre 

presence  of  four-coordinate  Ti  ions  and  of  surface  oxygen  ;or.s. 

4.  Adsorpt.cr.  of  COj  on  oxidized  ar.3tase  produce?  s  coorsi-it.:  Cl 

species  which  converts  slowly  to  surface  bicartor.ita  until  l.tr.u- 

reacnea  which,  under  our  conditions,  is  a  state  ;r.,*olvirj  iijMiicsv. 

concentrations  of  ooth  species. 

5.  The  surface  bicarbonate  species  therr-all,  decorpcaes  '5  y 

water  molecules  accompanied  by  the  loss  of  surface  :H.  7:  e  ,;.t*r  '. -c.lv* 

formed  in  this  process  occupy  sices  formed  during  tr.i  reaction  a.vJ  retu/j 
the  subsequent  readsorption  of  CO^  into  tr.e  coordinated  state. 

6.  Lattice  oxygen  is  involved  in  a  room  temperature  reduction  react..:, 
with  CO  to  form  a  bicarbonate  species.  IXicing  this  reaction,  two  *:nd*  3; 
adsorbed  CO  are  observed:  the  2185  cm”1  and  2115  an”1  bands  are  assigned  to 
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intermediate  leading  to  the  bicarbonate. 


reactive-;/. 
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I.  Infrared  spectra  uf  Zr.  region  after  various  treatments  of  titania 
Substrata:  (a’  ox. Nation  at  400°C,  (b)  evacuation  at  400°C  after 
(a),  i.e.  4-..-NO-4U0,  (c)  603-NO-600,  (<J)  8OO-NO-8OO  and  (e) 

4:v-4:X>-400.  See  text  for  notation.  All  evacuation  periods  were 

?:j„re  2.  Infrared  spectra  after  exposure  of  titania  to  water  vapor  at  room 
turuwrat are.  For  a  400-NO-4Q0  sample:  \a)  1  Torr  H20,  (b)  2.6 

:?-G,  (C)  e-a^tior.  after  to).  For  a  8G0-SQ-800  sample:  (d) 

.  v  and  {*)  evacuation  after  (d>. 

F.^ure  i.  f- :  Infrared  Sfwccra  after  exposure  of  a  40Q-NO-400  sample  to 
•»t«r  vapor  and  evacuitton  at:  (a)  2S,  (0)  100,  (c)  200,  (d)  100 
.«}  4c3°C.  Spectrum  (f)  is  after  readsorption  of  water  vapor 
i  ..i  ..  riCuAtion  at  25°C. 

P:  Sate  as  K  except  for  a  400-400-400  sample:  (g)  25,  (h)  100  and 

4.  .ue.-tru  after:  (a,  1C  min  exposure  of  20  Torr  o£  CO^ 

to  a  Si-ple  pr.xicied  in  water  and  (b)  40  min  exposure  of  2C  Torr 
tu  a  sa-ple  preu-sel  with  0^.  In  both  cases,  the  starting 
•«s*erial  -as  a  4O3-f.C-430  sample.  Both  samples  were  evacuated  at 
C  f_.Jlc.win3  H^C.  and  C2  aduorption  and  the  corresponding  IR 
r-«ectra  were  sustr&cted. 

f:j_re  5.  Zn:;x.:i  /~.t«.y:de  a  Isolation  on  j  4GO-NO-400  (oxidized)  sample  (A) 
irJ  or.  a  4„ ,-4.0-400  (r«_-dwrec)  nample  (B) .  Spectra  were  recorded 
after:  (a)  10  min  ana  22  Torr  CO,  (b)  140  min  and  22  Torr  CO,  (c) 

.0  min  after  (b)  wit h  10  Torr  CO,  (d)  10  min  after  (c)  with  1 


* 
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Torr  CO,  (e)  25°C  evacuation  alter  (dj,  (f)  5  m;n  arc;  2j  T. rr  CO 
and  (g)  evacuation  at  2SrC  after  (f) • 
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